Abstract: Despite all efforts, agricultural contaminants remain at alarming concentrations in Quebec surface waters. Preferential flow (PF) of soluble contaminants has been suggested as a contributing factor but has not been specifically studied in the humid climate of eastern Canadian soils. Three tracers were surface applied on plots along a catena on a loamy sand under intensive agricultural production in Beauce, Quebec. Tracer distribution in soil profiles was monitored three times over a 12-month period. At the summit, finger flow rapidly transported tracers into the subsurface. The subsurface preferential lateral flow rapidly brought the tracers downslope. Narrow points of preferential seepage and discharge and underground lateral PF were observed at the footslope. The summit and the backslope of the catena showed strong vertical and lateral subsurface PF, which made their contribution to subsurface tracer movement toward surface water equal to or greater than that of the footslope, in part because of the hydrological connectivity between summit, backslope, and surface water. PF and matrix flow were both significant in all parts of the catena. Therefore, all parts of a catena, even those far from surface water, should be considered when evaluating potential belowground contaminant transport toward surface water.
Introduction
Several agricultural practices have been modified to decrease contaminant transport at the soil surface or belowground to surface waters. Despite these efforts, surface water contamination is still relatively high in Quebec (MDDELCC 2009) . Preferential flow (PF) has been suggested as an important factor contributing to surface water contamination throughout the world (Gerke 2006) . However, it has not been directly studied in eastern Canada where precipitation is relatively high throughout the unfrozen period and where a large flush of water is released during spring thaw in a short period of time.
PF refers to non-uniform water movement through a small portion of the soil matrix, but at a much greater speed than matrix flow (Allaire et al. 2009; Clothier et al. 2008 ). This process considerably reduces retention time of contaminants in soil and thus reduces sorption, degradation, and other reactions that would otherwise decrease the risk of water contamination (Jarvis and Dubus 2006) . PF has been listed as one of the most important ways in which phosphorus (Gächter et al. 1998; Jarvis 2007) , nitrate (Jarvis 2007) , soluble pesticides, and pathogens (Jamieson et al. 2002) are transported toward surface waters.
Several types of subsurface PFs have been identified. Crack flow (CF) mainly occurs in soil containing swelling clay, which can develop cracks during drying periods followed by precipitation (Dadfar et al. 2010b; Hendrickx and Flury 2001) . Besides clay type and climate conditions, certain root configurations, varying according to plant type, favour crack formation more than others (Zein El Abedine and Robinson 1971) . Artificial and natural drainage, by influencing the water regime, also influence crack formation (Dasog and Shashidhara 1993) .
Burrow flow (BF) is caused by the presence of tunnels created by microfauna such as earthworms and insects (Dadfar et al. 2010a) or by openings formed during soil movement (shrink-swell cycles) or the drying of large roots. BF is present in most natural agricultural medium-textured soil such as loams (Edwards et al. 1993) .
Finger flow (FF) is generated in sandy or loamy soils when a horizon is slightly finer than the horizon beneath it (Ghodrati and Jury 1990; Wang et al. 2003) . The difference in hydraulic conductivity between the two horizons causes hydraulic pressure build up at their interface, drawing some of the water downward through specific narrow locations (Allaire et al. 2009 (Allaire et al. , 2011 .
Although CF, BF, and FF are all vertical subsurface PF processes, their contribution to water contamination increases when connected to horizontal pathways (Allaire-Leung et al. 2000) . Indeed, the connectivity between vertical and horizontal flow processes should also be considered (Anderson and Weiler 2005) . In addition, the relationship between matrix and preferential flows should also be considered. For example, surface water infiltrates the soil profile through downward movement. This vertical movement may occur via matrix flow, i.e., through the entire soil matrix, or PF through CF, FF, and BF. Vertical hydrological processes such as rain, evaporation, BF, CF, and FF are interrelated to horizontal processes such as surface runoff, matrix lateral flow, and lateral preferential flow (LF) (AllaireLeung et al. 2000; Burt and Pinay 2005) .
LF appears to be as important as the other PF processes for water contamination (Kouznetsov et al. 2007; Lin and Zhou 2008) . LF occurs when water moves laterally at specific sites in the soil matrix and these lateral paths are connected to one another. Subsurface LF is favoured in the presence of compacted layers (McDonnell 1990) , with large roots such as in forests (Sidle et al. 2000) , in shallow soils (Weiler and McDonnell 2007; Ticehurst et al. 2003; Kahl et al. 2007) , in hilly areas (McDonnell 1990) , and in the presence of long and intense precipitation (Lin and Zhou 2008) . Subsurface LF is often associated with large, horizontally oriented holes that are enlarged by positive feedback processes. Enlargement can lead to elongation and the development of connections between holes extending over several metres (Sidle et al. 2001) . LF is activated only when thresholds in water content at points of connection are reached. In these cases, connections between these PF paths can form extensive, efficient flow paths for lateral water movement (Anderson and Weiler 2005) . LF can provide very fast transport of solutes through the soil toward surface waters, reducing reaction time to a precipitation event (Burt and Pinay 2005; Kahl et al. 2007) . It is now suggested that their contribution is roughly distributed in the following way: matrix lateral flow usually is the source of baseflow of creeks and rivers, while subsurface LF explains most of the large, short-term peaks in creek flow when surface runoff is negligible.
To our knowledge, the relative importance of these subsurface matrix and PF processes has never been specifically studied in situ on an agricultural soil at the catena scale in eastern Canadian climate (Quebec and New Brunswick), where large amounts of rain fall every year, spring releases large amounts of water in a short period of time (about 1 month), and where wet soils often freeze for the winter. Therefore, the goal of this study was to evaluate the relative importance of subsurface PF across an agricultural catena in Quebec.
Materials and Methods

Site description
The experiment was conducted in an agricultural field in the Bras d'Henri watershed (46°28′51.5″N, 71°13′03.9″W) in Quebec, Canada. The field (Fig. 1) was a catena Beaurivage with a well-developed podzol on the top of the hill, a gleyed brunisol on the backslope, and a poorly drained gleysol at the footslope (Lamontagne et al. 2010) adjacent to a small creek that flows year round. Previously forested, the site was cleared about 20 years ago, at which time a small number of artificial drains were installed in the C horizon and tree stumps were buried at various depths. The soil was cultivated with cereals from 2004 to 2006, corn from 2007 to 2008, soybean in 2009 and 2010, oats in 2011, alfalfa in 2012 , and then again with corn. The slope of the field is about 4% (Fig. 2a) . A naturally vegetated buffer strip separated the field from the creek (Allaire et al. 2015) . Long horizontal holes much like pipes developed naturally in the field. These pipes seemed to be associated with decaying stumps and large roots. These "natural pipes" observed in the buffer strip had much more water coming out of them than artificial drains did in this specific field. Compared with the artificial drains, the natural pipes were observed at the interface in between the B and C horizons.
Four 2 m × 2 m plots were aligned along distinct parts of the catena at 15 m (plot B), 60 m (plot C), and 165 m (plot D) from the creek (Fig. 1) . The fourth (plot A) was placed 15 m from the creek at the footslope, about 30 m away from plot B (Fig. 1) . Thus, plots A and B were along the creek at the footslope, while C was on the backslope and D was on the shoulder.
Three tracers were homogeneously applied by hand at the soil surface using 20 L of water by applying small amount at the time over the entire plots and several passages. The tracer FD&C Blue No. 1 (Warner-Jenkinson Company), referred to as "Blue" herein, was applied at a rate of 125 g m −2 on all plots on 8 October 2010.
Rhodamine WT (Sigma, San Diego, CA, USA) and fluorescein were applied on the same day using the same solution and method, but rhodamine was applied at a rate of 2.5 g m −2 and only on plots A and B (close to the creek),
while fluorescein was applied at a rate of 1.25 g m −2 on plots C and D to trace the relative distance covered by the tracers. The tracers were chosen to represent weakly sorbed (Blue) and moderately sorbed (rhodamine, fluorescein) solutes. The Blue mimics phosphate or atrazine (Kookana et al. 2008) , while rhodamine mimics moderately sorbed pesticides (Weber et al. 2004 ) in low-sorbing soils. Blue was not sensitive to light and temperature, while the other tracers were, but all of them remained quite stable once belowground. Tracer selection and application rates were based on detection limits, toxicity, and behavior in previous research (Allaire-Leung et al. 1999; Ketelsen and Meyer-Windel 1999) . They were never reapplied. The plots were not protected after tracer application, and the farm maintained its corn-alfalfa production routine with fall and spring tillage and regular application of pesticides. The tracers were applied after fall soil tillage and the plots were sampled later that fall. They were then sampled after tillage in spring and after harvesting in fall.
Soil and tracer sampling
Because the plots were too small to support three excavations, each plot was excavated only twice. Trenches were excavated parallel to the flow (parallel to the slope) to minimize disturbance of water movement. The first sampling event occurred on 26 November 2010 in plots A and D, 1.5 months after tracer application. Conditions were wet and cold, and the soil surface was frozen down to 5 cm. Six months after tracer application, on 17 May 2011, all plots were excavated. The field, although dryer, was still very moist. The third excavation occurred 1 year after the application, on 12 November 2011, in plots B and C.
Two soil profiles per sampling date were completed in each plot (P1 and P2) with 0.15 m separation between each. The profiles included 120 samples collected across a regular grid 1.2 m wide by 1.0 m deep at 0.10 m vertical and horizontal intervals. Plots A and B could not be excavated to the full depth during spring because the water table was too high. Although samples were extracted to 1.0 m depth, relevant observations were made to 1.5 m depth and sometimes deeper, since the trench was made deeper than 1.0 m. Samples were stored at 4°C in the dark. Additional soil was sampled to characterize pH (McLean 1986) , texture (CPVQ 1997) , saturated hydraulic conductivity (K s , m day −1 ) with constant pressure head (Klute and Dirksen 1986) , and water content (WC, m 3 m −3 ). We also measured soil bulk density (BD, kg m −3 ) and particle density (SD, kg m −3 ) (Blake and Hartge 1986) . A sandy loam soil was found at the footslope (plots A and B). The interface between horizons occurred at 0.22 m for A p -B g1 interface, 0.35 m for B g1 -B g2 , and 0.65 m for B g2 -C interface in plot A, while we observed these interfaces at 0.3, 0.5, and 0.8 m in plot B. Oxidation-reduction zones in B g2 were present in both plots (Fig. 2) . All B g and C horizons contained about 4% gravel and buried shoots and stumps in B g and C horizons. The soil at the footslope appeared moist throughout the year (plots A and B) and neither cracks nor earthworm burrows were observed. Root penetration was relatively shallow in plots A and B (0.2 m) compared with about 0.35 m for C and D.
Loamy sand A p and B f horizons were observed at the backslope (plot C) and the summit (plot D). In plot D, the loamy sand at the soil surface became coarse sand at greater depth. Plot C contained 5-10% gravel, while plot D contained less than 5%. The interfaces were at about the same depths in plots C and D as for plot A. A compacted layer, hardpan, and concretions were obvious in the B f horizons of plots C and D (Fig. 2) . A limited number of burrows were observed in these plots. Horizontal decayed stumps were also found at some spots, associated in some cases, with natural horizontal pipes. were associated with large decayed tree roots and stumps oriented horizontally at greater depth. Some stumps were observed at more than 1 m depth. K s was relatively low at the footslope. The vertical K s ranged from 0.07 m day 
Tracer analyses
The soil samples were dried for 24 h at 105°C prior to tracer extraction. Gravimetric water content was noted, along with BD to calculate the volumetric water content. A ratio of 1:5 soil:water was used for tracer extraction (Allaire-Leung et al. 1999) . Samples were shaken for 24 h and then centrifuged for 2 h at 4000g (Beckman Coulter, Allegra 25 Re centrifuge). The solute was stored in darkness at 4°C until measurement.
A UV-visible spectrophotometer (model Genesys 6, Spectronic) set at 630 nm was used to measure Blue concentration (Allaire-Leung et al. 1999; Flury and Fluhler 1995) . A luminescence spectrophotometer (model LS55, Perkin Elmer) served for measuring rhodamine and fluorescein concentrations. The rhodamine was excited at 560 nm and emissions were measured at 577 nm. The fluorescein was excited at 490 nm and measured at 519 nm (Soltandour et al. 1982) . 
Tracer blanks (soil without tracers) were used to measure the natural noise. Blanks received the same treatment as for the other samples. Noise levels for Blue and rhodamine were relatively low compared to that of fluorescein. The noise was mainly due to organic matter and iron content. Soil blanks (tracer without soil) were subjected to the same handling and storage procedures as the field samples. Blue, rhodamine, and fluorescein were lost at a rate of 0.08, 4, and 6 g g −1 month −1 of storage × 100, respectively. Soil samples with known mass of one, two, or all three of the tracers were prepared to measure extraction efficiency and interaction between tracers. Blue was easy to extract with 67-79% efficiency because of its negative charge in acid soil and high water solubility (200 g L −1 ). Less than 1∕3 of rhodamine was recovered. Rhodamine losses were due in part to its stronger sorption on soil particles and greater sensitivity to light and heat. Between 20 and 40% of fluorescein was recovered, varying with plots and depths. Extraction efficiency was very stable for the Blue and fluorescein, with a coefficient of variation (CV) of <5%, but was more variable for rhodamine (CV < 15%). The presence of Blue influenced the estimation of rhodamine concentration as in Allaire-Leung et al. (1999) . The data on noise, extraction efficiency, and loss during storage and handling were used to correct the concentration estimates. Linear sorption isotherms (K d ) were calculated for each horizon in each plot (Allaire-Leung et al. 1999; Van Genuchten and Wierenga 1986 ) for a range of concentrations slightly larger than that found in the samples. The soil solution was gently shaken for 24 h to reach equilibrium, and extraction was then conducted using the method described earlier. The Blue K d increased slightly with depth from 5.8 to 7.6 because of an increase in either clay or organic matter content. The Blue sorbed only slightly on this soil because of its anion form in acid soil, while the rhodamine and the fluorescein sorbed about 35 and 60 times more than the Blue, depending on horizon and plot, with K d ranging from 206 to 256 for rhodamine and from 349 to 412 for fluorescein. The ratio of tracer K d values only slightly varied with horizons and plots. The ratio values were about 35 for rhodamine/Blue, 60 for fluorescein/Blue, and 1.7 for fluorescein/rhodamine.
The center of mass in space is the unique point where the weighted relative position of the distributed mass sums to zero. It was calculated using the vertical concentration distribution in the soil profile, and we found the point where above and below had the same mass. In some cases, the center of mass could not be calculated but only roughly estimated as when a large quantity of tracers reached a depth lower than measured such as for the Blue tracer in plot D.
Additional information
A meteorological station operated by Agriculture and AgriFood Canada was installed in situ. Air temperature, precipitation events, and precipitation amount were recorded hourly. Maps of water and tracer distribution in the soil profiles were prepared using SURFER software version 8.1 with the Sheppard interpolation method (Golden Software, CO, USA).
The tracer budget could not be estimated in this study, since tracer concentrations were measured only during the unfrozen period, drains were rarely sampled, neither the concentration nor the flow in surface runoff was measured, and degradation, although small once the tracer reached belowground, occurred. In addition, tracer uptake by vegetation was not measured.
Results and Discussion
General observations
Heavy rains occurred on several days prior to the sampling event in fall 2010. In addition, the soil froze up to 5 cm deep while still very moist. In May 2011, the soil surface had time to dry, but the water table was still very high because of snowmelt. By contrast, it was raining during the sampling event of fall 2011. The soil surface was moist, but the water table had time to retreat because of the summer. Thus, all three sampling events were completed in wet conditions.
The fall season of 2010 received more rain than the previous seasons, with more than 150 mm in September, 106 mm in October, and 119 mm in November. Tracer application took place between two precipitation events in October, enabling the tracers to penetrate the soil surface before freezing-up. Some erosion occurred at the soil surface following an extremely strong precipitation event a few weeks after tracer application. During this event, gullies were formed at the footslope. Some of the tracer at the footslope was carried toward the creek, but we did not observe any tracer movement at the soil surface of the backslope and at the summit because of their high infiltration rate.
The temperature (data not shown) and precipitation during winter 2011 were typical of the 30-year average. The month of May received one large (83 mm) rain event over a short period, representing about half of the 164 mm total for the month. Surface runoff and erosion were observed during this large rain event, and gullies developed from the middle backslope downward. Again, some of the tracer at the footslope was transported toward the creek but this phenomenon was not observed uphill, and this seems to have occurred only during this extreme weather event although other intense rainfalls occurred during this summer. Uphill from plots A and B and downhill from plot C, a point of seepage containing the Blue tracer appeared after this special event (Fig. 1) . The Blue concentration kept increasing over time after each strong event.
Plot A showed a dryer zone in the middle of the profile where we observed a compacted layer (Fig. 3) . A seepage point with low concentrations of tracer was active a few centimetres above this compacted layer. Water was moving horizontally in a very narrow space (about 1 cm wide), indicating LF. The profile in plot B showed a similar distribution with compacted layer, seepage, and with lower concentrations (Fig. 4) . Another seepage face was observed at the interface of the Bg 1 and Bg 2 horizons during the fall 2011 sampling event (Fig. 4) . Thus, subsurface movement of the tracer occurred in these plots, although the transported mass of tracer was small.
The spatial variability of water distribution in plots C and D was very high (Figs. 5 and 6) and was never saturated, the water table being much deeper. Soil water content at 0.32 m and 1.2 depth, above a compacted layer, was consistently higher than other depths during all observations (observed with the naked eye). A few narrow points of seepage occurred in the profiles (LF) (Fig. 2b) , in addition to very narrow, highly moist vertical pathways (FF). These features could be observed visually, but unfortunately, they were too narrow to be captured by mapping at the sampling frequency used (0.01 m). These features corresponded to roots, soil of slightly different texture, and decayed organic matter.
Given the soil characteristics, the climate conditions, the observed localised subsurface movement, and the requirements for PF occurrence, we expected a low probability of CF and BF occurrence in plots A and B.
The profiles of plots C and D showed characteristics suitable for FF because their medium texture slightly changed with depth. The low BD at depth caused by decayed stumps favoured faster lateral K s , enhancing the development of subsurface pipes (Weiler and McDonnell 2007) . Anisotropy such as suggested by the K s values in addition to compacted layers, hardpan, and slope were suitable for LF.
Tracer distribution in the soil profile
Blue distribution greatly varied between plots and times (Figs. 3-6 ). On November 2010, the average mass of Blue remained at the soil surface in plot A and infiltrated quite homogeneously through the surface horizons, presumably through matrix flow. We observed a few points of higher concentration in the subsurface such as the seepage points and locations of higher water content resulting from fine, vertical, narrow PF processes (Fig. 2b) . A subsurface zone of higher concentration was observed in plot A. It corresponded to an old, large, decayed root (Figs. 2c and 3 in profiles 1 and 2, May 2011 at 0.8 m on the right in the profile). Another such seepage zone of Blue was present at 0.8 m depth at a much higher concentration than the surrounding soil. The estimated mass was very low (1/10 000 of the applied mass on this plot) but still significant if we consider that the tracer mimics the movement of highly toxic soluble compounds.
The movement of rhodamine was similar to that of Blue in plots A and B (Figs. 3 and 4) . In these plots, the bulk of the rhodamine remained near the soil surface for the entire year. It reached the lower part of the profile 1 month after its application at specific point locations, slightly increasing over time. Although low, its subsurface concentration was higher than that of the Blue, relative to the applied concentration. Fluorescein, which was not applied in these plots, was also observed at 0.8 m depth, and several other places in the soil profile. One could think that it was carried back from the creek to the soil by water table rise. However, fluorescein was not often detected in the creek and at much lower concentration than found at this spot. In addition, to be transported there from the water table, we expected it would likely take several months because of its sorption properties in this soil. It likely had moved belowground from upslope rather than from the creek. The large heterogeneity of rhodamine and fluorescein distributions should be noted. In addition, the concentration of these tracers was low where the soil was dryer, e.g., in the hardpan.
The Blue moved faster in plot C than in plots A and B, with the central mass reaching 0.3 m depth by May 2011. An additional zone of tracer breakthrough was also observed at 0.85 m depth, with small spots of high concentration at deeper depth associated with small narrow zones of seepage. One year after its application, in October 2011, the central mass of Blue in plot C had reached 0.5 m depth (Figs. 2c, 2d , and 5), while that of plot A was still close to the soil surface. Direct field observations identified obvious narrow vertical zones along roots, zones of lower density, and sites of higher organic carbon content associated with high Blue concentrations. We also observed higher Blue concentrations above horizon interfaces, with small, narrow fingers in the lower horizon and higher concentrations at the bottom of these coarser horizons, all of them indicating FF. Blue distribution was much more lateral below these features. Fluorescein reached 1.0 m depth in plot C 1 month after its application. High concentrations were observed only at specific points, which grew over time. (Figs. 2e and 6 ). This occurred right above an indurated layer. From visual observations, most of the Blue had moved laterally downslope at or below 1.5 m depth. Its fast movement in plot D was due to higher K s , coarser texture, and more frequent and larger PF paths of varying widths. We could not associate this faster movement with a difference in K d values between plots, since they were very similar. (5) More than half of the Blue mass was carried downward faster than the K d value would suggest. (6) Considering the similar K d values of all plots and the fact that all plots were exposed to the same precipitation events, the mass transported by PF in plots A and B was small compared with fast pathways of upslope plots. (7) The presence of fluorescein at a localized spot on the footslope indicates fast lateral subsurface downslope transport. (8) Five days after tracer application, there was an intense rainfall during which the Blue was visually Water content Blue Fluorescein observed in the creek and at the outlet of a drain. This was not associated with surface runoff, since we did not detect Blue transport at the soil surface toward the drain. Although rhodamine was applied only on plots A and B, while the Blue was applied on all plots, rhodamine was detected more often in the drain than was the Blue. On the few occasions when the Blue was detected in the drain, its concentration was positively correlated with that of rhodamine (R 2 = 0.71). In the absence of surface runoff, the presence of Blue and rhodamine in the drain soon after their application indicates early long-distance transport through subsurface PF. Therefore, FF and other types of PF occurred in all plots, but there is little evidence to suggest BF or CF. In addition, the data indicated a strong connection between vertical and lateral flows. The vertical flow at the summit quickly brought the tracers downward, and then the LF carried them to the surface and subsurface of the footslope. These measurements and observations confirmed the presence or absence of the various types of PF processes, but they did not indicate their importance relative to that of the standard convection-dispersion process (matrix flow).
Assuming the same BD and WC, we could roughly compare the speed of subsurface tracer movement.
Since the tracers used the same path as water, and two tracers were applied at the same time, position, and depth, we could use the ratio of their K d values to evaluate whether their movement occurred through the soil matrix or by PF. If the ratio of the time required to reach a certain depth or if the ratio of the depth they reached during a certain period of time (slower tracer / faster one) was equal to their K d ratio, then the movement occurred by advection-dispersion within the soil matrix (matrix flow). If the ratio of their movement was lower than their K d ratio, then they moved not only through the soil matrix but also by PF. If the ratio of their movements tended toward 1.0, then they moved almost exclusively by PF.
The central mass of Blue in plot B in May 2011 was at about 0.09 m, while that of the fluorescein was at 0.04 m, a ratio of 2.3 comparatively to their K d ratio of 60. Both tracers arrived at 0.8 m depth at specific locations a month after their application, but at low concentration. Therefore, a small mass of both tracers moved through PF in plots A and B, while a significant portion moved through matrix flow.
In plot D, the depth of the central mass of Blue reached about 0.3 m while that of the fluorescein reached 0.04 m 1 month after their application, a ratio Water content Blue Fluorescein of 7.5, which did not correspond to their K d ratio. In addition, both tracers reached more than 1.0 m depth during the same short period of time, and in relatively high concentrations (Fig. 6) . Thus, matrix flow was present but PF was relatively more important. The relative importance of vertical PF in plot D was much higher than in plots A and B. However, these data did not indicate how fast PF transport could transport tracers, compared with matrix flow; they only indicated the presence or the absence of PF. A simple approach used to roughly estimate the importance of PF and how much efficient this process was compared with matrix flow consists of calculating the transport time by advection-dispersion through the soil matrix and compares this time with the time the tracers actually took in the field. To ensure that we did not overestimate PF, then we used the faster solute transport through the soil matrix as a reference point. The shortest time required for the tracer to reach the creek from the application plots when moving laterally by the standard advection-dispersion process, i.e., by matrix flow, usually occurs during saturated conditions. If surface transport, diffusion, appearance (e.g., from rising groundwater that contains the tracer), and disappearance (e.g. transformation, dilution) are assumed to be negligible compared with hydrodynamic dispersion (in order to calculate the fastest possible transport time and simplify the equation), and if the soil is saturated at all times, then the time (Time) to reach the creek can be estimated as follows (Van Genuchten and Wierenga 1986) :
where L is the distance (m), R is the retardation factor (unitless), and V is the velocity (m s −1 ).
where WC is the volumetric soil water content (m 3 m
−3
). WC = P (total porosity) at saturation. Given the distance from the application plots to the creek (L = 15 m), the water flux, q (m s −1 ) is
is the hydraulic gradient and is equal to 1.0 m m −1 under saturated conditions. Using these equations, the time (Time) for the tracers to reach the creek from the application plots was easily estimated from the P, BD, K s , and K d values. To calculate the expected total time to travel from the application plot to the next plot, the time required to cross each horizon vertically was added to the time necessary to cover the lateral distance (Table 1) . The difference between the calculated time and the measured one could be attributed solely to PF, since surface runoff was not observed at either the summit (plot D) or the backslope (plot C).
The R values for the Blue varied from about 17 to 30, while those of the fluorescein varied from almost 1000 to about 1700 (Table 1 ). These predictions suggested that the Blue should have reached plots A and B from plot C in less than a year and within about 6 months to reach the discharge point about 10 m upslope from plot B, while the fluorescein should have taken more than 20 years (Table 1) . That the discharge point contained high Blue concentration a month after its application and Note: Using horizontal K s values, R = retardation factor = 1 + (BD × K d /WC), at saturation WC = P; P = total porosity; Time = (L × R)/V, V = q/WC, L = distance to the creek, q = −K s × dH/dz, dH/dz = hydraulic gradient = 1 under saturated conditions. Diffusion was assumed negligible compared with hydrodynamic dispersion. Properties are assumed to be constant in each part of the catena (footslope = plots A and B, backslope = plot C, summit = plot D).
a Distance between two plots, from D to C and from C to A or B.
b Rhodamine was not applied on plots C and D.
that the seepage of fluorescein in plot B was detected 6 months after its application on plots C and D (not applied in plot A and B) indicated that subsurface LF was important in solute transport along the catena. Of course, one can consider that the tracers may have reached the creek in a short period of time through the drainage system and then entered the soil profiles of plots A and B from the creek via rising groundwater. This process could partly explain the presence of fluorescein deep in plots A and B, since it was not applied to these plots. In this case, we expected that fluorescein would show a lower concentration in the soil than in the creek. However, although several events of high water table occurred, fluorescein concentration in the creek was lower than in the soil. In addition, sorption processes also occurred during the rising water table. This sorption should have delayed tracer movement from the creek toward the field. Movement of tracers and sorption from the creek to the field likely occurred in depth because the water table rose several times during the year (Allaire et al. 2015) . If the presence of fluorescein only depended upon matrix flow from the creek during the rising water table, it would take months to reach plots A and B and the soil concentrations should be lower than the creek concentration. This was not the case, since the fluorescein appeared 1 month after its application at different depths where the water table did not rise high enough and at concentrations higher than in the creek. Thus, the presence of fluorescein at depth in plots A and B was probably only partially due to occasional rises of the water table and more importantly to PF.
Consequently, vertical and horizontal PF was present in all plots, but the importance of the flow processes varied from the summit to the footslope. Considering that the estimation method does not allow the evaluation of the exact rate of transport, the results indicated that the summit transported the soluble tracers with strong LF much more quickly than the footslope, increasing its contribution to surface water contamination.
Conclusion
These semiquantitative observations provided information on the role of each part of the catena and the role of subsurface PF in the transport of soluble contaminants throughout a catena. Overall, the results indicated the following. (1) The entire field participated in the transport of soluble contaminants toward surface water through vertical PF processes connected to subsurface LF processes. The soil away from surface water should also be considered in modeling and assessment works, which could also be important at the watershed scale. (2) FF was the dominant vertical process at the summit, while a smaller magnitude of vertical PF processes were present at the footslope. BF and CF were almost absent from this site. (3) LF occurred in part because of the presence of old, decomposed stumps and a compacted soil layer in the subsurface. (4) The relative importance of the various subsurface PF processes differed between the summit and the footslope, but their connectivity increased the role of each in water contamination, especially that of the summit. (5) Since FF does not depend upon soil management, it is not possible to control this process. However, it is important to consider FF during land management planning, modeling, and calculation of potential risk for improving the estimated solute transport and risk of water contamination. (6) Comparatively, LF caused by the presence of stumps depends upon initial soil preparation. We can thus reduce this process by removing stumps during initial soil preparation for agriculture. However, once buried, no soil management can limit their effect. Stumps and other materials that can promote the formation of lateral pipe flow need to be considered when planning water conservation or predicting contaminant transport with models or risk indicators. (7) Once the contaminants have reached the footslope, due in part to LF, it is important to evaluate the ability of buffer strips to intercept them and assess whether the same PF processes are present in the buffer strips (Allaire et al. 2015) .
This information can be useful to explain water pollution in eastern Canada where a large number of fields (millions of hectares) have been deforested with similar methods, and in other places in the world where deforestation leaves stumps, trunks, or branches belowground or where forests have developed large horizontal holes that tend to remain after deforestation. Several authors have observed or concluded, through modeling and field measurements, that PF must have occurred, in order to explain their data, but they lack information relative to PF (Michaud et al. 2007) . It is also known that large amounts of contaminants pass through or below buffer strips. All this information may help in explaining the observations in the Canadian literature and help in deciding the right places to look for measurements.
